The cell envelope of Escherichia coli K-12 is composed of the cytoplasmic membrane and the outer membrane, which are separated by an aqueous gel termed the periplasm. Proteins that are destined for the outer membrane or the periplasm are generally synthesized in a precursor form and have a typical procaryotic signal sequence at the amino terminus (21, 27) . Such signal sequences are an obligatory requirement for export across the cytoplasmic membrane (2, 3, 12) ; however, it appears that a signal sequence alone does not suffice for this translocation event. The product of a hybrid gene containing the signal sequence of the outer membrane protein LamB fused to the cytoplasmic enzyme ,-galactosidase was apparently not transported out of the cytoplasm (23) . Mature sequences of exported proteins must therefore possess additional information necessary for their export and proper localization.
To characterize the nature of the export information within LamB protein, chimeric genes were constructed which fused variable lengths of the amino-terminal region to a carboxy-terminal sequence of ,-galactosidase (4) . The cellular locations of various hybrid proteins were determined, and it was concluded that a signal for export of LamB protein is present between amino acids 27 and 43 and that some sorting signal between amino acids 39 and 49 routes the protein to the outer membrane. However, it is difficult to exclude the possibility that the data on the localization of hybrid proteins did not introduce artifacts which were a result of cellular fractionation.
Another approach to the question of whether export or sorting signals exist was to construct overlapping deletions in the gene for the outer membrane protein OmpA and to determine the cellular locations of the truncated polypeptides (13) . The signal sequence of OmpA by itself was reported to direct export of an OmpA protein with residues 1 to 44 deleted. But because there was still evidence of considerable accumulation of precursor by pulse-chase experiments, an alternative interpretation is that both the signal sequence and residues within the first 44 amino acids contribute to optimum export of OmpA. For translocation across the cytoplasmic membrane, Freudl et al. (13) con-* Corresponding author.
cluded that a specific signal did not exist between residues 4 and 228. Nor is the carboxy-terminal region of OmpA, from amino acid 190 onwards, required for proper incorporation of the protein into the outer membrane. It was proposed that the signals which dictate translocation of OmpA across the cytoplasmic membrane, as well as the features which determine its localization, are ruled by the inherent conformation of the protein.
The FhuA protein in the outer membrane of E. coli serves as the high-affinity receptor for ferrichrome-iron(III), as well as the receptor for bacteriophages T5, Ti, +80, UC-1, and colicin M (5). We have cloned thefhuA gene which encodes this membrane protein onto a high-copy-number plasmid (11) , and we recently deduced the amino acid sequence from the complete nucleotide sequence (10) . A signal sequence of 33 amino acids at the amino terminus is followed by a protein of 714 amino acids, having an Mr of 78,992. To investigate the nature of export information and sorting signals in the FhuA protein, we constructed gene fusions of fhiuA'-'lacZ and fluA'-'phoA. Experiments of cell fractionation were conducted to characterize the locations of the hybrid proteins. Complementary data were derived by direct immunoelectron microscopic localization of the hybrid proteins. The electron micrographs identified the anomalous behavior of FhuA'-'LacZ proteins and confirmed the export of FhuA'-'PhoA proteins into the periplasm. Whereas some of these shorter hybrid proteins could be released along with other periplasmic proteins, longer FhuA'-'PhoA proteins became stably associated with the outer membrane.
MATERIALS AND METHODS
Bacterial strains, phages, and plasmids. The strains of E. coli K-12, the bacteriophages, and the plasmids which were used in this study are presented in Table 1 . Conditions for the culture of bacteria, for the propagation and handling of phages, and for the manipulation of plasmids were standard protocols as found in detail in Silhavy et al. (28) background. A specialized lambda transducing phage carrying the fhuA'-'/acZ fusion was derived by UV-induced excision from the chromosome. The gene fusion was cloned from lambda into the high-copy-number plasmid pMLB524 (28) .
To create fusions of fAuA to phoA, we used XTnphoA.
This derivative of TnS generates a hybrid protein of alkaline phosphatase which lacks its own signal sequence and which is fused to an amino-terminal sequence of another exported protein. The isolation of transposon insertions into the fhuA gene on the multicopy plasmid pPM35 was similar to the protocol described by Manoil and Beckwith (18) . After infection of CC118(pPM35) with ATnphoA, cells were grown in the absence of antibiotics for 18 h at 30°C before cultures were plated independently on LB agar containing ampicillin (125 ug/rml), kanamycin (300 pug/ml), and 5-bromo-4-chloro-3-indolyl phosphate (X-P) (40 ug/rml). Pools of blue and white colonies from the selection plates were used to prepare plasmids by the alkaline lysis method and to transform CC118. From the X-P-positive colonies, plasmids were analyzed by restriction mapping to determine the site of TnphoA insertion.
Identification of hybrid proteins. Protein extracts were boiled in the presence of 2% sodium dodecyl sulfate (SDS)-5% ,3-mercaptoethanol, and electrophoresis was carried out on 8% polyacrylamide slab gels (17) . The gels were either stained with Coomassie blue or transferred electrophoretically to nitrocellulose (Schleicher & Schuell, Inc., Keene, N.H.). The transferred proteins were reacted with a primary antibody, followed by a secondary antibody conjugated to peroxidase. Immunoconjugants were detected by the addition of 4-chloro-1-naphthol and H202 (30) .
Production of antibodies. Polyclonal antibodies were generated against ,-galactosidase and against alkaline phosphatase by injection of 10 ,ug of purified proteins into rabbits. The regimen included complete Freund adjuvant for the primary injection and incomplete Freund adjuvant for two booster doses. Immunoglobulins were purified from hyperimmune serum by ammonium sulfate precipitation. To enhance the specificity of immunodetection of hybrid proteins, the antibodies were absorbed three times against a wholecell lysate of MC4100 Alac or CC118 AphoA.
A monoclonal antibody against FhuA was produced by immunizing Lewis rats with 10 ,ug of protein isolated by SDS-polyacrylamide gel electrophoresis. To increase the likelihood of obtaining anti-FhuA hybrids, the rats were also injected with 1 ml of antisera raised against membrane vesicles which were lacking FhuA. The animals were boosted with antigen 3 days before the splenocytes were used for fusion with the Y3.Agl.2.3 plasmacytoma line by using polyethylene glycol 4000 as the fusion partner. Screen for 2 h to produce a pellet of cell envelopes. The pellet was extracted with 2% Triton X-100 in 10 mM HEPES to solubilize proteins of the cytoplasmic membrane, and the residue after centrifugation at 40,000 x g contained proteins of the outer membrane. An alternate method of producing outer membranes (15) was to convert cells to spheroplasts by adding lysozyme and EDTA and to lyse' the cells in 2% Triton X-100-10 mM MgCl2. Outer membranes were collectecj as a clear gelatinous pellet by centrifugation and were washed exhaustive!y with distilled water.
The following two procedures were used to release periplasmic proteins. (i) Spheroplasts were prepared by the EXPORT OF HYBRID PROTEINS IN E. COLI 2269 DNA sequencing. DNA fragments were obtained by restriction digestion of cesium chloride-purified plasmids and isolation on low-melting-point agarose gels. The fragments were ligated into M13 ,mpl9 (20) (10) . The longest of these protein fusions comprised all of the signal sequence (33 amino acids) plus 15 amino acids of the mature protein fused to ,-galactosidase.
To generate an expanded collection of gene fusions which contained additionalJhuA sequences at the 5' end, we used ATnphoA to transpose into the clonedfluA gene on pPM35. All of the fhuA'-'phoA plasmids conferred resistance to ampicillin and to kanamycin and were selected as X-Ppositive derivatives of CC118 AphoA. Transpositions of 'phoA were therefore in the correct orientation and reading frame downstream from the JfhuA promoter. Plasmids with both genes for antibiotic resistances but X-P-negative were also recovered; because no hybrid proteins could be detected, they were not studied further.
Analysis was made of 10 independently derived fusionbearing plasmids ( 200 ,000 x g (S200); (ii) total cell env'elopes pelleted at 200,000 x g (P200); (iii) extraction of the cell envelopes with 2% Triton X-100 (T-S fraction,); (iv) insoluble residue after extraction with 2% Triton X-100 (T-I fraction). Samples were subjected to SDS-polyacrylamide gel electrophoresis and were either stained with Coomassie blue (Fig. 1A) -or processed for Western blotting (Fig. 1B) ; The location of cloned FhuA protein in these extracts served as a reference. FhuA protein and FhuA'-'LacZ cofractionated in the P200; LacZ was detected in the S200. By Western blotting, two molecular weight species of FhuA'-'LacZ were identified with antibodies against LacZ. The larger hybrid protein corresponded in size to that predicted (121 kDa) from the nucleotide sequencing of pDRC120 (10) . The faster-migrating species was aligned with native LacZ (116 kDa) and may have been generated by a protease acting at the exposed fusion joint. A consequence of cell disruption and nonspecific association of FhuA'-'LacZ with the cell envelopes might be the triggering of membrane-associated proteolytic activity. When the P200 was extracted with Triton X-100, FhuA protein partitioned into the T-I fraction as did the two M, forms of FhuA'-'LacZ. A small amount of the 116-kDa species from the hybrid protein was present in the T-S fraction. These data suggested that the FhuA'-'LacZ protein was primarily associated with the outer membrane fraction of the cell envelope and supported our previous results, which identified the enzyme activity of the hybrid protein in the fraction of total envelopes (10 Fig. 2A) and anti-PhoA (Fig.  2B) antibodies. The monoclonal anti-FhuA antibody 4AA-1 identified one major species of each fusion protein, suggesting that the epitope recognized was near the amino terminus of FhuA. The polyclonal anti-PhoA antibodies detected the identical size of fusion protein as 4AA-1 detected; several antigenically related bonds of lower Mr were also observed. These latter species therefore represent degradation products of the full-length protein.
No wild-type FhuA protein was found in either periplasmic fraction I (Fig. 2A, lanes 2 to 11) or periplasmic fraction II ( Fig. 2A, lanes 13 to 20) . In periplasmic fraction I, PhoA was missing from CC118 (Fig. 2B, lane 2) and was detected in MPh42 (Fig. 2B, lane 3) . The full-length hybrid proteins from pGR102, pGR114, and pGR111 were also observed by Western blotting ( Fig. 2A and B were detected in periplasmic fraction I. By comparison, periplasmic fraction II contained a lesser amount of PhoA for the same number of MPh42 cells (Fig. 2B, lane 12) . Only the shortest FhuA'-'PhoA fusion protein could be released by cold osmotic shock ( Fig. 2A and B, lanes 13 and 14) . None of the other fusion proteins was detected in periplasmic fraction II.
Outer membranes were prepared from a wild-type strain of E. coli K-12 and from all strains which harbored the plasmids encoding FhuA'-'PhoA hybrid proteins. Upon solubilization of the proteins and electrophoresis on an SDSpolyacrylamide slab gel, the proteins were stained with Coomassie blue. Whereas the complement of outer membrane proteins in the wild-type strain showed both major and minor proteins, those strains bearing pGR111, pGR112, pGR104, pGR101, pGR113, and pGR105 revealed fat least one additional stained protein (Fig. 3A, lanes 5 to 10) . These bands corresponded in size to those observed by Western blotting of whole-cell extracts and to those predicted by estimating the molecular weight, based upon the identification of the fusion joint between FhuA' and 'PhoA. No Coomassie-stained bands were observed in the outer membranes of strains containing pGR102 and pGR114 (Fig. 3A , lanes 3 and 4) when compared with the wild type. Identification of FhuA'-'PhoA hybrid proteins in preparations of outer membranes of E. coli DRC104 4fhuA which harboredfluA'-'phoA fusion-bearing plasmids. Membrane proteins were subjected to SDS-polyacrylamide slab gel electrophoresis and either stained with Coomassie blue (Fig. 3A ) or transferred to nitrocellulose and then probed with anti-FhuA antibodies (Fig. 3B) or anti-PhoA antibodies (Fig. 3C) To confirm that the additional outer membrane proteins which were found in stained gels were indeed FhuA'-'PhoA hybrids, the electrophoresed proteins were blotted onto nitrocellulose and probed with anti-FhuA (Fig. 3B) and with anti-PhoA (Fig. 3C) antibodies. The preparations of outer membranes showed proteins which reacted by Western blotting with both antibodies and which were encoded by pGR111, pGR112, pGR104, pGR101, pGR113, and pGR105 ( Fig. 3B and C, lanes 5 to 10) . In all instances in which the hybrid proteins were associated with the outer membrane fractions, a doublet for each species was identified. Because the difference in molecular mass between the two species was about 4 kDa and this value corresponds to the size of the 33-amino-acid signal sequence (Mr, 3, 210) , it is likely that these represent proFhuA'-'PhoA and mature FhuA'-'PhoA. Finally, almost no hybrid protein from pGR102 and pGR114 could be detected by probing the outer membrane proteins with antibodies against FhuA or against PhoA (Fig. 3B and  C, lanes 3 and 4) .
Electron microscopic identification of hybrid proteins. Direct immunoelectron microscopic experiments were undertaken to confirm the data obtained by cellular fractionation (Fig. 4) . When cells of MC4100 Alac were incubated with antibodies against LacZ and followed by reaction with protein A-gold, a background labeling of the bacteria was observed. Cells which contained lacZ cloned onto a highcopy-number plasmid were treated in the same way; gold grains were randomly distributed throughout the cytoplasm. MC4100 harboring plasmid pDRC120 coding for the FhuA'-'LacZ fusion protein displayed gold grains in the cytoplasm; there was no apparent clustering of the immunoelectron microscopic label at the cell surface. As a control, MC4100 containing the clonedjhuA gene was reacted with monoclonal antibody 4AA-1, followed by goat anti-rat immunoglobulin conjugated to colloidal gold. The gold grains were found on the outer membrane, confirming that the native FhuA protein is exported to the cell surface.
To identify the location of alkaline phosphatase in E. coli, thin sections of MPh42 (phoA+) were incubated with antibodies against PhoA and then with goat anti-rabbit immunoglobulin conjugated to gold. The gold label appeared loosely associated with the outer surface of the cytoplasmic membrane and was frequently found at the polar caps in preference to the lateral walls (Fig. 5) . Cells which contained the shortest FhuA'-'PhoA fusion were subjected to the same protocol for direct labeling of their 'PhoA fragments. Gold grains were clustered in the periplasm, which was expanded as a result of mild plasmolysis. The hybrid protein appeared to have been exported to the periplasmic compartment. Cells with a longer FhuA'-'PhoA fusion protein from pGR112 also displayed gold grains between the outer membrane and the inner membrane; the 'PhoA moiety of the hybrid protein was thus localized to the periplasm, as predicted by the experiments of Michaelis et al. (22) . When the monoclonal 4AA-1 anti-FhuA antibody was tested for reactivity in immunoelectron microscopic labeling of FhuA'-'LacZ or FhuA'-'PhoA hybrid proteins, no specific reaction was detected. The monoclonal antibody may therefore recognize a conformational epitope on native FhuA protein which is not maintained by the hybrid proteins after fixation with formaldehyde and glutaraldehyde; alternatively, the copy number of FhuA in the hybrid proteins may be too low to be detected by 4AA-1. Whereas cellular fractionation provided evidence for the association of FhuA'-'LacZ with the outer membrane, the electron microscopic evidence showed a random distribution of this hybrid protein in the cytoplasm. This distribution of gold grains within E. coli was similar to the distribution for ,B-galactosidase, a soluble cytoplasmic protein. It is readily apparent that the gold labeling technique identifies only a small fraction of the total molecules present in the cell. If the major fraction of hybrid protein were membrane associated, then the specific activity of 3-galactosidase might decrease, as has been reported for longer LamB'-'LacZ hybrids. For this reason, we used cultures of similar specific activities of wild-type LacZ and FhuA'-'LacZ. The 'LacZ moiety of our hybrid protein would remain in an aqueous environment and therefore be amenable to detection by antibodies. A peripheral distribution of gold grains on the cytoplasmic side of the inner membrane was not observed. We conclude that the FhuA'-'LacZ hybrid protein is not associated with the cell envelope. It is likely that disruption of the cells by sonication, ultracentrifugation, and detergent extraction led to nonspecific association of this fusion protein with the Tritoninsoluble fraction that contains the complement of outer membrane proteins. A similar conclusion was reached in the analysis of a PhoE'-'LacZ hybrid protein by a parallel approach (29) . Our data and those of Tommassen et al. (29) contrast with the localization of large LamB'-'LacZ fusions which were observed to be exported efficiently to the outer membrane (13 ATnphoA has been advocated as a genetic probe to analyze the topology of membrane proteins in E. coli (19) . The rationale for such analysis considers that because membrane proteins span the lipid bilayer a number of times, different elements are exposed to any one side of the membrane. The orientation of the SecY protein in the cytoplasmic membrane of E. coli was deduced by examining the location of fusion joints of SecY'-'PhoA hybrid proteins and correlating this information with the hydropathic character of the protein (1) . Clusters of fusion joints were identified and were matched to five hydrophilic segments of SecY. The results suggested that SecY contains five periplasmically exposed parts. For FhuA protein, the domain(s) which act(s) as the receptor for phages Tl, T5, 4)80, and UC-1, and colicin M would be on the exterior surface of the outer membrane, whereas those sites which might interact with other proteins involved in ferrichrome transport (FhuC, FhuD, or 
